Introduction {#sec1}
============

Bilayered micelles, or so-called bicelles, were introduced in the 1990s and quickly gained in popularity due to their similarity with biological membranes.^[@ref1],[@ref2]^ These membranes mimetics are most commonly composed of dimyristoylphosphatidylcholine (DMPC) which organize in a bilayer stabilized by short-chain dihexanoylphosphatidylcholines (DHPC) in high curvature regions^[@ref3]−[@ref8]^ of discs or perforated vesicles.^[@ref3]−[@ref5],[@ref9]−[@ref12]^ Although the morphology of bicelles is debated, the planar region made of long-chain phospholipids constitutes a favorable environment to study molecular interactions as well as the structure of membrane peptides and proteins with different biophysical techniques such as nuclear magnetic resonance (NMR), X-ray crystallography, circular dichroism (CD), and Fourier transform infrared (FTIR) spectroscopy.^[@ref3]−[@ref5],[@ref10],[@ref13]−[@ref18]^ Most interestingly, for solid-state NMR applications, bicelles are known to spontaneously orient in a magnetic field in excess of 1 T at high DMPC/DHPC molar (*q*) ratios (above 2.3) and within well-defined total lipid concentrations (3--60% w/v) and temperatures (30--50 °C).^[@ref2],[@ref5],[@ref11],[@ref12],[@ref19]−[@ref23]^ This orientation is due to the negative diamagnetic susceptibility anisotropy of the phospholipids which align with their long axis perpendicular to the magnetic field direction.

When the DMPC/DHPC *q* ratio falls below 2.3, bicelles rapidly reorient in solution,^[@ref21],[@ref24],[@ref25]^ enabling solution NMR experiments that are useful for the structural study of membrane-binding peptides such as met-enkephalin,^[@ref26]^ motilin,^[@ref27]^ antimicrobial peptides,^[@ref28]^ as well as the assessment of membrane association of peptides and small molecules.^[@ref26],[@ref29]−[@ref31]^ The use of low *q* ratio ≤0.5 allows improving the resolution of the NMR^[@ref25],[@ref32]^ and CD^[@ref25],[@ref33]−[@ref36]^ spectra. These so-called isotropic bicelles are also employed in others studies such as dynamic light scattering (DLS),^[@ref33],[@ref34]^ FTIR spectroscopy,^[@ref35]^ fluorescence,^[@ref36],[@ref37]^ and electron paramagnetic resonance (EPR).^[@ref38]^ The morphology of isotropic bicelles is generally considered to be disc-shaped with DMPC molecules on the planar section segregated from the DHPC molecules in the rim, and a diameter which increases with *q* ratio.^[@ref24],[@ref37]^ The presence of transmembrane proteins in low *q* bicelles may however lead to a change in the size of the aggregates, as shown for micelles, and possibly to a reorganization of the lipids and detergents.^[@ref39],[@ref40]^

Bicelles samples with a total lipid concentration lower than 150 mM are required with techniques using a laser light source to avoid light scattering effects when performing CD^[@ref25],[@ref30],[@ref33]−[@ref35]^ or DLS,^[@ref33],[@ref34]^ but are also employed in other techniques such as NMR,^[@ref29],[@ref33]−[@ref35]^ FTIR spectroscopy^[@ref35]^ and crystallography.^[@ref15]^ A thorough study of DMPC/DHPC bicelles in such conditions with *q* ratios from 0.5 to 5 was carried out by van Dam and co-workers^[@ref41]^ using cryo-transmission electron microscopy (TEM), DLS, and fluorescence spectroscopy. At *q* ratios below 1 and for strong dilutions, small aggregates were observed. This work also provided strong indications that the formed aggregates are more complex than the ideal bicelle model in which the DMPC and DHPC molecules are fully segregated. In addition, as was originally evidenced by Glover et al.,^[@ref37]^ the authors noted that dilution alters the actual composition of the aggregates. Indeed, the individual constituents of bicelles have specific critical micelle concentrations (CMCs) that can range from the nanomolar for the phospholipids, to the millimolar for the detergents. As a consequence, in samples prepared with concentrations in the millimolar range, a significant proportion of free surfactants in solution will be present in equilibrium with the phospholipid aggregate. The importance of this effect has recently been considered by the group of Sanders who has proposed alternative bicelles composed of surfactants with higher CMCs.^[@ref42]^ The widespread use of DMPC/DHPC bicelles prompted us to carry out a systematic study of the effect of dilution on this system.

The objective of this work is thus to study the effect of dilution on the exact composition of the widely utilized DMPC/DHPC bicelles and the miscibility of its constituents. Using ^31^P NMR, *q* ratios ranging from 0.15 to 2 and concentrations from 2 to 400 mM are investigated. The work is carried without the use of paramagnetic shift reagents. The NMR results indicate changes in miscibility between short-and long-chain phospholipids and these are further supported by FTIR spectroscopy and molecular dynamics simulations. We thus provide data which will guide the choice of *q* ratio and total phospholipid concentration to enable the study of membranes and membrane-related processes using isotropic bicelles.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

1,2-Myristoyl-1-*sn*-glycero-3-phosphocholine (DMPC) and 1,2-hexanoyl-1-*sn*-glycero-3-phosphocholine (DHPC) were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further purification. DHPC, which is highly hygroscopic, was freeze-dried prior to weighing. Deuterium oxide (D~2~O) was purchased from CDN Isotopes (Pointe-Claire, QC, Canada).

Sample Preparation {#sec2.2}
------------------

Bicelle samples with the highest concentration (400 mM) and at *q* ratios ranging between 0.25 and 2 were prepared by suspending the appropriate weight of DMPC and DHPC in a 100 mM KCl solution made with D~2~O. The sample was then submitted to 10 cycles of freeze (liquid N~2~)/thaw (60 °C) and vortex shaking, resulting in a uniform transparent nonviscous solution. Serial dilutions were then performed from 400 to 2 mM before NMR spectrum acquisition.

^31^P Solution NMR Experiments {#sec2.3}
------------------------------

All spectra were recorded on a Varian Inova Unity 600 (Agilent, Santa Clara, CA) spectrometer operating at a frequency of 246.86 MHz for ^31^P and equipped with a 5 mm double-resonance probe. A single-pulse experiment was employed with a π/2 pulse of 13.3 μs, a recycle delay of 5 s, and an acquisition time of 1 s with broadband proton continuous wave decoupling at a field strength of 5 kHz. A preacquisition delay of 15 min was used before each experiment to ensure sample thermal equilibration. Spectra were acquired at least in triplicate with 32 to 512 scans at 25 °C unless otherwise specified. They were referenced internally using a sealed capillary containing phosphate ions at pH = 11 in D~2~O which was previously referenced with respect to 85% H~3~PO~4~ at 3.38 ppm. All spectra were processed using MNova software (Mestrelab Research, Santiago de Compostela, Spain).

FTIR Experiments {#sec2.4}
----------------

Infrared spectra were recorded with a Nicolet Magna-560 Fourier transform spectrometer (Thermo Scientific, Madison, WI) equipped with a narrow-band mercury--cadmium--telluride (MCT) detector and a germanium-coated KBr beamsplitter. A volume of 30 μL of the 400 mM bicelle sample was placed between CaF~2~ Biocell windows (Biotools Inc., Jupiter, FL) manufactured with a calibrated path length of 50 μm. The windows were placed in a homemade heating cell using a Peltier element as a heating/cooling device. To prevent solvent evaporation during the course of long-term measurements, the sealing surface of the cell was lubricated with mineral oil. A total of 128 interferograms were acquired with a resolution of 2 cm^--1^ apodized with a Happ-Genzel function in the spectral range of 4000--650 cm^--1^ at various temperatures ranging from 5 to 70°. Spectra were corrected for water vapor and CaF~2~ contributions by substraction of a reference spectrum. Data were processed with the software Grams/AI 8.0 (Galactic Industries Corporation, Salem, NH). The spectral regions corresponding to the carbon--hydrogen stretching vibrations were baseline-corrected using a quartic function. The methylene symmetric stretching frequency was obtained from the center of gravity calculated at the top 10% of the band.

Molecular Dynamics Simulations {#sec2.5}
------------------------------

Three sets of MD simulations were performed at 310 K, namely, a self-assembly of DMPC/DHPC at *q* of 0.25 (350 ns), the relaxation of an ideal DMPC/DHPC bicelle at *q* of 0.25 (450 ns), and the self-assembly of pure DHPC in water (60 ns), aimed at validating the DHPC model. Each simulation box contained 200 lipid molecules (200 DHPC or 160 DHPC + 40 DMPC) in a volume of about 850 nm^3^, yielding a total lipid concentration of 400 mM, and 130 mM NaCl. Each simulation system contained about 80 000 atoms. Lipids were described by the CHARMM36 force field,^[@ref43]^ in our modified version with united-atom acyl chains;^[@ref44]^ the water model was TIP3P. Both the all-atom force field and its united-atom modification are extensively validated against experimental data; the united-atom version enhances the relaxation kinetics of the lipids while reducing computational cost, leading to improved sampling. All simulations were run using the NAMD 2.9 software package^[@ref45]^ on the SGI Altix supercomputer Jade at CINES (Montpellier, France). Self-assembly simulations were started from randomly distributed solutes prepared with the GROMACS tool genbox.^[@ref46]^ The ideal bicelle system was prepared by cutting a disc out of a pre-equilibrated DMPC bilayer, and inserting it in a water environment with randomly placed DHPC molecules. The DMPC bilayer structure was preserved by positional restraints applied to the DMPC headgroups. After 30 ns of simulation, the restraints were lifted to let the overall structure relax.

DMPC/DHPC aggregation was analyzed using a customized version of the g_clustsize tool from GROMACS 4.5.5.^[@ref46]^ Hydrophobic clusters were detected by restricting the analysis to united-atom particles forming the acyl chains of the lipid and detergent. A cutoff distance of 4.1 Å was chosen in order to include all contact peaks of the interparticle radial distribution function, while minimizing the contribution of short-lived contacts, detected in the form of high-frequency noise in the cluster size dependence as a function of time. Chain order in DMPC was quantified by measuring the distribution of torsional angles between neighboring acyl chains (with centers less than 10 Å away). The direction of each myristoyl chain was computed as the principal axis of inertia with the lowest eigenvalue; the analysis was implemented within the LOOS framework.^[@ref47]^

Results and Discussion {#sec3}
======================

Exact Composition of Bicelles under Dilution: ^31^P NMR {#sec3.1}
-------------------------------------------------------

The long and short-chain phosphatidylcholines constituting the bicelles comprise a single phosphorus atom in their polar headgroup. The high gyromagnetic ratio of the ^31^P isotope as well as its 100% natural abundance leads to an easily detectable NMR signal which is dominated by the chemical shift anisotropy (CSA). The resulting spectra are characteristic of the lipid phases present in the sample.^[@ref48]^ However, the CSA is averaged by the fast tumbling of bicelles at low *q* ratios, resulting in an isotropic resonance for each lipid which can be exploited to obtain information on their environment and dynamics.

^31^P NMR spectra of DMPC/DHPC bicelles were recorded for *q* ratios ranging between 0 (pure DHPC) and 2 in water. An example is given in Figure [1](#fig1){ref-type="fig"} for spectra obtained at *q* = 1 and concentrations decreasing from 400 to 2 mM. For concentrated solutions at a magnetic field of 14.1 T, two resonances can be resolved. The broader upfield signal at ca. −0.50 ppm is assigned to the long-chain DMPC, whereas the narrow downfield signal is ascribed to DHPC.^[@ref2]^ As the sample is diluted, DMPC's resonance gradually broadens until it completely disappears at 8 mM, while its chemical shift slightly decreases from −0.51 to −0.58 ppm. For concentrations above 25 mM the DMPC/DHPC molar ratio calculated from the integrals of the two lipid resonances on the ^31^P NMR spectra is in agreement with the *q* value. DMPC molecules appear to be part of rapidly reorienting aggregates as suggested by the relative resolution of the peak compared to the one obtained with DMPC vesicles. Interestingly, sample turbidity could be observed at higher dilutions (\<25 mM) and with *q* ratios ≥0.75 (Figure S1, [Supporting Information](#notes-1){ref-type="notes"}). This phenomenon is expected if aggregates with characteristic sizes on the order of the visible wavelength are present.^[@ref42]^

In contrast to the behavior of DMPC's resonance, the narrow DHPC signal remains sharp down to a concentration of 25 mM, then broadens with a full width at half-maximum (fwhm) of 7 to 25 Hz between 25 and 8 mM, to finally sharpen again at 2 mM (fwhm of 5 Hz). In addition, its chemical shift increases with dilution, from −0.43 ppm at 400 mM to −0.23 ppm at 2 mM, a value similar to the ^31^P chemical shift of free DHPC molecules in solution (−0.23 ppm) (data not shown). The variation of DHPC ^31^P chemical shift value with concentration has been previously explained as resulting from the fast exchange between the bulk solution and the bicelles.^[@ref37]^ As a consequence, the chemical shift value observed on the spectrum (δ~obs~) is a weighted average of the chemical shifts of the free (δ~free~) and bicelle-bound (δ~bic~) DHPC molecules:where χ~*i*~ corresponds to the molar fractions of DHPC molecules in solution and in the bicelles. Equation [1](#eq1){ref-type="disp-formula"} can be rearranged to obtain the following expression:

![Evolution of the ^31^P NMR spectrum of bicelles with *q* = 1 as a function of dilution. The calculated effective *q* (*q*\*) is indicated. Data were obtained at 25 °C.](la-2014-004353_0001){#fig1}

Therefore, a plot of δ~obs~ as a function of the inverse of the total DHPC concentration (\[DHPC\]~total~) should yield a straight line from which δ~bic~ can be extracted as the y-intercept and the concentration of free DHPC can be determined using the slope and a δ~free~ value of −0.23 ppm obtained for a pure DHPC solution at 2 mM. We carried out this systematic analysis for bicelles with *q* of 0.15 to 2 at concentrations ranging between 400 and 25 mM where DHPC molecules are in fast exchange between the bulk solution and fast-tumbling bicelles. The result is presented in Figure S2 in the [Supporting Information](#notes-1){ref-type="notes"} for *q* = 1 as a representative example. In this case, δ~bic~ is equal to −0.43 ppm, the slope is equal to 1.15, and therefore the concentration of free DHPC is 5.6 mM. For all the *q* values studied in this work, the fast-exchange model appears to be a good approximation with correlation coefficients of the linear fits greater than 0.95. For each *q* value, the concentration of free DHPC which is present in bicelle samples can be referred to as a "critical bicelle concentration" (CBC), in analogy with a critical micelle concentration (CMC), and the average values obtained for triplicates are reported in Figure [3](#fig3){ref-type="fig"} as a function of all *q* ratios studied.

Figure [2](#fig2){ref-type="fig"} shows that the extreme case of pure DHPC (*q* = 0) gives an average CMC of 16.5 mM, consistent with the literature value of 16 mM reported for this detergent.^[@ref49]^ As the sample is enriched in DMPC, the CBC gradually decreases to a value of 6.0 mM at *q* = 1. This result is in excellent agreement with published CBC values of 4 (at 15 and 37 °C) and 7 mM (at 25 °C) for DMPC/DHPC bicelles at *q* = 0.5^[@ref37],[@ref50]^ or CBC values estimated to 7--10 mM (from 28 to 40 °C) for high *q* values (*q* = 2.3--3.3).^[@ref51]^ As the system is further enriched in DMPC, the CBC is stable with possibly a slight increase up to a value of 6.7 mM at *q* = 2, but this increase is within the experimental error.

Our results were obtained at 25 °C, but they can be generalized to temperatures up to 40 °C. Indeed, it has been shown that the CMC of DHPC micelles is almost constant between 11 and 50 °C.^[@ref52]^ A similar study in bicelles at *q* = 0.5 also showed no difference in the concentration of free DHPC between 15 and 37 °C.^[@ref37]^ Nevertheless, we verified possible temperature effects on the CBC for *q* = 1 at 25, 37, and 50 °C and found similar results (data not shown), confirming that the CBC is stable in this temperature range.

![Evolution of the critical bicelle concentration (CBC) as a function of *q*. Average values (*n* = 3) determined at 25 °C with standard deviation. The dotted line is a guide to the eye. The CMC for ideally mixed bicelles (CMC~mix~) is indistinguishable from the zero horizontal axis at the scale of this figure for all *q* values. Note that at *q* = 0, CBC = CMC~DHPC~.](la-2014-004353_0002){#fig2}

To take into account the presence of a non-negligible concentration of free DHPC in the bicelle mixture, which corresponds to the CBC, the effective DMPC/DHPC molar ratio (*q*\*) in the bicellar objects can be calculated, as proposed by Glover et al.:^[@ref37]^The effect of the dilution on the effective molar ratio *q*\* for several theoretical *q* ratios (known from the mass of the lipid powders used during sample preparation) is presented in Figure [3](#fig3){ref-type="fig"} (top). Conversely, and in order to guide the experimentalist, the values of *q*\* as a function of *q* for different total lipid concentrations are plotted in Figure [3](#fig3){ref-type="fig"} (bottom). Our results clearly show that attention must be paid when samples are prepared in diluted conditions (i.e., ≤100 mM) and especially at high *q* ratios (*q* ∼ 1.5--2). Indeed under such conditions, the actual DMPC/DHPC molar ratio *q*\* in the bicelles strongly deviates from the expected *q* ratio. As a result, even a moderate dilution could lead to *q*\* ≥ 2.3, where the formation of large and slow-tumbling lipid structures that could hinder the use of solution-state NMR methods are observed. For example, for *q* = 1 at a total lipid concentration of 16 mM, a *q*\* of 3.2 is found. The *q*\* ≤ 2.3 limit is indicated as a dashed line in Figure [3](#fig3){ref-type="fig"}.

By indicating *q*\* on the ^31^P NMR spectra in Figure [1](#fig1){ref-type="fig"}, it is possible to better understand the behavior of bicelles under dilution. From 400 to 100 mM, the effective *q*\* is very close to 1, the value expected from the sample preparation. With further dilution from 75 to 25 mM, *q*\* increases up to 1.8, an effective *q* ratio at which isotropic bicelles still prevail. When reaching 16 mM, a *q*\* of 3.2 is calculated and corresponds to large bicelles that would orient in the magnetic field if the concentration were higher.^[@ref51]^ Additional dilution of the bicelle samples led to an infinite *q*\*, that is, DMPC vesicles are formed. Note that at such low concentrations, the broad spectra which are expected for MLVs could not be detected.

Using the effective *q*\* and assuming bicelles are disk-shaped, it is possible to calculate the actual size of the bicelles using the following equation modified from Triba et al.:^[@ref12]^where *R* is the bicelle disk radius, *r*~⊥~ is the length of a DHPC molecule (1.1 nm), and λ is the volume ratio of DHPC over DMPC (0.61).^[@ref12]^ A bicelle with *q* = 1 for example would have a diameter of ∼65 Å. The results of the calculation (Table S1, [Supporting Information](#notes-1){ref-type="notes"}) show an increase in the bicelle diameter for the same sample up to ∼190 Å when it is diluted to a total lipid concentration of 16 mM (*q*\* = 3.2). Variation of the concentration of free DHPC molecules at strong dilutions, and its resulting effect on bicelle size, clearly needs to be taken into account when interpreting lateral diffusion data. This is especially the case if geometrical parameters of the bicelles are inferred from diffusion data.^[@ref53]^

![Evolution of the effective *q*\* for DMPC/DHPC isotropic bicelles as a function of sample dilution for several *q* ratios determined at 25 °C (top). The gray zone is the region where bicelles are isotropic, i.e., below *q*\* of 2.3 (limit of isotropic motion), above *q*\* = 1 (lipid segregation between DMPC and DHPC), and *q*\*= *q* + 10% (crosses). Value of *q*\* as a function of *q* for different total lipid concentrations (bottom). Solid lines are a guide to the eye.](la-2014-004353_0003){#fig3}

Lipid Concentration Threshold to Maintain the Desired *q* Ratio with Isotropic Bicelles {#sec3.2}
---------------------------------------------------------------------------------------

In order to ensure that solution NMR experiments are carried out with fast-tumbling bicelles at the desired DMPC/DHPC molar ratio *q*, we have determined the total lipid concentration threshold that should be used. To do so, a 10% deviation from the desired *q* ratio was considered as acceptable. Replacing *q*\* by 1.1 × *q* in eq [3](#eq3){ref-type="disp-formula"} leads to a definition of the minimum lipid concentration threshold:which can be rearranged to define a minimal total lipid concentration for a given *q* ratio:The minimum total lipid concentration thresholds to be used at *q* ratios ranging from 0.15 to 2 calculated from eq [6](#eq6){ref-type="disp-formula"} are presented in Table S2 in the [Supporting Information](#notes-1){ref-type="notes"} and plotted in Figure [3](#fig3){ref-type="fig"} as crosses.

Lipid Miscibility in Bicelles: Comparing CBC and CMC {#sec3.3}
----------------------------------------------------

The use of bicelles to study the membrane interaction of drugs, peptides, or other molecules, or to determine the structure of membrane-associating peptides is often motivated by the presence of a flat DMPC-rich region in these aggregates. In this section, we verify lipid miscibility as a function of *q*. The fact that the CBC value at *q* ≥ 1 (∼6 mM) is lower than the CMC of pure DHPC (16 mM) indicates that the DMPC molecules stabilize DHPC molecules into bicellar aggregates.^[@ref54]^ It is interesting to compare the CBC determined from our analysis to the CBC that would be obtained if DMPC and DHPC would form an ideal mixed micelle (CMC~mix~) which can be calculated as follows:^[@ref54]^where CMC~*i*~ is the CMC value of each pure surfactant and χ~1~ is the molar fraction of surfactant 1. With CMC~DHPC~ = 16 mM and CMC~DMPC~ = 6 nM,^[@ref52]^ CMC~mix~ values between 46 and 9 nM would be expected for *q* values between 0.15 and 2, respectively. The plot of CMC~mix~ as a function of *q* ratio for an ideal mixed bicelle thus becomes virtually indistinguishable from the horizontal axis in Figure [2](#fig2){ref-type="fig"}. The CBCs determined from our experimental results for the same *q* values range between 13 and 5 mM.

The discrepancy between the experimental curve and the ideal mixing curve (Figure [2](#fig2){ref-type="fig"}) shows that the partitioning of both lipids between solution and the aggregate strongly deviate from an ideal mixed micelle, suggesting that the two lipids are at least partially segregated within the bicelle. To verify this hypothesis, FTIR experiments and molecular dynamics simulations were performed.

*q* ≥ 1: FTIR Spectra Confirm Lipid Segregation in Isotropic Bicelles {#sec3.4}
---------------------------------------------------------------------

In order to study the degree of miscibility between DMPC and DHPC in bicelles, we measured the thermotropic behavior of these lipids at different *q* ratios and high total lipid concentration (400 mM) by FTIR spectroscopy. This was done by using protonated DHPC and DMPC with perdeuterated acyl chains (DMPC-*d*~54~), and plotting the CD~2~ symmetric stretching frequency (∼2090 cm^--1^) as a function of temperature. The methylene stretching vibrations in lipid acyl chains are sensitive to changes in the trans/gauche conformer ratio and allow probing the transition between an ordered gel to more disordered liquid crystalline phase.^[@ref55]^ In the case of an ideal homogeneous mixture, the melting temperature (*T*~m~) can be calculated considering the respective *T*~m~ and mole fractions of the lipids:^[@ref49]^where the *T*~m~ of DHPC and DMPC-*d*~54~ are −46^[@ref56]^ and 21 °C (experimental value), respectively. The thermotropic behavior of DMPC-*d*~54~ is shown in Figure [4](#fig4){ref-type="fig"} (top) as well as the variation of the melting temperature with DMPC-*d*~54~ molar fraction compared to the variation expected for an ideal mixed micelle (bottom). The experimental and ideal melting temperatures are reported in Table S3 in the [Supporting Information](#notes-1){ref-type="notes"}. The *T*~m~ of 21 °C obtained from the infrared spectroscopy analysis is constant when *q* is superior to 1 and corresponds to that of pure DMPC-*d*~54~. Moreover, the values of the CD~2~ symmetric stretching frequencies are almost superimposable in the fluid phase, indicating that the acyl chain ordering is not affected by the presence of DHPC. These results suggest that DMPC is largely segregated in the planar section of bicelles when *q* \> 1. As the *q* ratio is decreased, the discrepancy between the experimental *T*~m~ of DMPC-*d*~54~ in bicelles and the calculated *T*~m~ of DMPC-*d*~54~ in an ideal mixed micelle diminishes, showing progressive mixing of DMPC and DHPC molecules, even though bicelles retain some level of bilayer content and anisotropy, as observed by Glover and colleagues.^[@ref37]^ The CD~2~ symmetric stretching frequencies augment in both the gel and fluid phases due to an increased disordering of DMPC acyl chains, probably caused by the proximity of mobile DHPC molecules. Interestingly, Andersson and Mäler^[@ref57]^ have shown that the lipids' local mobility at *q* = 0.25 and 0.5 is more affected by the nature of the surfactant than the overall size of the bicelle. This influence is consistent with the mixing at these low *q* ratios found in our work. It would be of interest to study bicelles at lower *q* ratios; however, the melting temperatures drop below the freezing point of water and hinder such monitoring. Therefore, to study the mixing behavior of DMPC and DHPC in such conditions, molecular dynamics simulations were performed at a *q* of 0.25.

*q* ≤ 0.5: Molecular Dynamics Simulations Show Lipid Mixing in Very Small Bicelles {#sec3.5}
----------------------------------------------------------------------------------

An ideal bicelle assembly at *q*\* = 0.25, completely segregated and disc shaped, was obtained by letting DHPC molecules self-assemble around a bilayer patch of DMPC molecules with restrained positions (Figure [5](#fig5){ref-type="fig"}A). The same system after 300 ns of unrestrained MD relaxation at 310 K is shown in Figure [5](#fig5){ref-type="fig"}B. Our simulations give free DHPC concentrations of 34 ± 8 mM (pure DHPC/water) and 21 ± 6 mM (DMPC/DHPC self-assembly). This is higher than the experimental CMC/CBC in the same conditions, but within a factor of 2, indicating that the free energy of aggregation of the model is underestimated by less than the thermal energy RT. The atomistic model thus possesses chemical accuracy, unlike coarse-grained models that give access to much larger space and time scales, at the expense of capturing the specifics of any particular chemical system.^[@ref58]^

![Temperature dependence of the wavenumber of the CD~2~ symmetric stretching vibration in bicelles with varying *q* ratios (top). Determined melting temperatures (*T*~m~) for bicelles and calculated for an ideal mixture (bottom) as a function of DMPC molar fraction. Dotted lines are a guide to the eye.](la-2014-004353_0004){#fig4}

The self-assembly simulation started with randomly distributed DMPC and DHPC molecules in solution. It showed a rapid aggregation on the nanosecond time scale, followed by slower rearrangement and fluctuations of the aggregates that, like the one in Figure [5](#fig5){ref-type="fig"}B, were not disc-shaped and did not exhibit bilayer-like regions or notable DMPC clusters. This result could also be observed for thermodynamically stable disk-like bicelles if their formation required slow ordering and segregation of the components that could not occur within the 350 ns self-assembly simulation for kinetic reasons. To test this hypothesis, we also performed a separate simulation starting from an "ideal" bicelle in which DMPC and DHPC molecules were completely segregated. In the first 30 ns, DMPC molecules were artificially restrained to preserve the bilayer arrangement, and DHPC molecules spontaneously assembled on the edges, thus forming a canonical disc-shaped bicelle as shown in Figure [5](#fig5){ref-type="fig"}A. After 30 ns, DMPC restraints were lifted and a rapid mixing ensued, leading to mixed micelles (Figure [5](#fig5){ref-type="fig"}B) comparable to those observed under self-assembly conditions. In general, atomistic simulations of such systems may suffer from metastability due to time scale limitations. Here, we crucially obtained the same final structure starting from different states, showing that the mixed micelle is the most kinetically accessible aggregate from a random dispersion, but also that a perfectly segregated bicelle is unstable. Together, these simulations clearly predict a thermodynamic tendency of DHPC and DMPC molecules to mix and form small aggregates devoid of a bilayer-like region, at very low *q* ratios.

![Simulation of a bicelle at *q*\* = 0.25. (A) Ideal bicellar assembly obtained by restraining DMPC lipid positions. Cyan, DMPC (headgroup atoms colored by element); orange, bicellar DHPC; transparent, micellar and free DHPC molecules. The simulation periodic box is outlined in blue. (B) Same system after 300 ns of MD relaxation at 310 K. All DHPC molecules colored orange.](la-2014-004353_0005){#fig5}

The ideal segregated bicelle prior to relaxation exhibits collective acyl chain order typical of a bilayer rearrangement, with a distribution of torsion angles between neighboring chains peaked around 0, as shown in Figure [6](#fig6){ref-type="fig"}A. In sharp contrast, the DMPC/DHPC aggregates formed after relaxation show a much broader distribution of angles between the neighboring myristoyl chains. Correspondingly, the black lines in Figure [6](#fig6){ref-type="fig"}B indicate a strong ordering in the ideal segregated bicelle system, where the DMPC bilayer region is indeed enriched in DMPC. In contrast, the data obtained (in red) from the aggregates formed after bicelle relaxation show very weak enrichment, denoting significant yet imperfect lipid mixing. Thus, for bicelles with *q* \< 1 where infrared studies suggest some lipid segregation, our simulations predict a nonideal behavior intermediate between that of pure DMPC and an ideal homogeneous mixture of DMPC and DHPC.

![Lipid mixing and ordering in the simulated low-*q*\* mixture. (A) Distribution of torsion angles between neighboring myristoyl chains in DMPC, in the ideal bicelle model (black) and after unrestrained relaxation (red). (B) Radial distribution functions of glycerol C2 atoms between DMPC molecules (solid lines) and between DHPC and DMPC (dashed lines), in the ideal bicelle (black) and unrestrained mixed micelle (red).](la-2014-004353_0006){#fig6}

Altogether, our results suggest that for studies where a bilayer-like region is required, bicelles with a *q* \> 1 should be utilized. Note that in such conditions the correlation times of bicelles will be long and consequently resonances will be broadened thus potentially hindering the study of integral membrane proteins. The *q* ratio boundaries, where DMPC and DHPC are expected to be segregated while still forming aggregates which reorient rapidly in the magnetic field, and the lower limit of the total lipid concentration where expected and actual *q* ratios vary by less than 10%, define the ideal work region which is highlighted in gray in Figure [3](#fig3){ref-type="fig"}.

Conclusion {#sec4}
==========

Low *q* DMPC/DHPC bicelles were studied by ^31^P NMR, FTIR spectroscopy, and molecular dynamics. The critical bicellar concentration (CBC) was introduced as an important parameter which allows determining the exact long-to-short chain lipid ratio in the system and the diameter of the bicelle. This knowledge is necessary to improve sample control for experiments requiring small membrane objects such as solution NMR, or diluted conditions such as CD or DLS. Finally, the word "bicelle" appears to be a misnomer for *q* ratios below 1 where lipid complexes would be more accurately described as mixed micelles.

Visual aspect of the bicelle samples at different lipid concentrations and molar ratios. Bicelle radius calculated for *q* = 1 from the effective *q* value (*q*\*). Observed ^31^P chemical shift of DHPC as a function of the inverse of DHPC concentration in DMPC/DHPC mixtures with *q* = 1. Minimal total phospholipid concentration recommended to conserve the desired bicelle molar ratio q. Comparison of the experimental melting temperature of DMPC-*d*~54~ in bicelles with values expected in ideal mixed micelles at different *q* ratios. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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While the proofs of this article were being prepared, a publication addressing similar issues by other techniques was published by Ye et al. (*Langmuir*, DOI: 10.1021/la500231z). Overall their conclusions are in agreement with ours, although our molecular dynamics simulations point against the disc shape of mixed DMPC/DHPC micelles at low q. It should be noted that we define the critical bicelle concentration (CBC) as the free concentration of DHPC in solution at which DMPC/DHPC aggregates are formed, in exact analogy to the critical micelle concentration (CMC). Ye et al. describe the CBC as the total lipid concentration at which bilayered bicelles are formed.
